In left-right symmetric models, large contributions to the decay amplitude b → sγ can arise from the mixing of the W L and W R gauge bosons as well as from the charged Higgs boson. These amplitudes are enhanced by the factor m t /m b compared to the contributions in the standard model. We use the recent CLEO results on the radiative B decay to place constraints on the W L − W R mixing angle ζ and the mass of the charged Higgs boson m H ± . Significant departures from the standard model predictions occur when |ζ| > ∼ 0.003 and/or when m H ± < ∼ a few TeV.
Introduction:
Left-right symmetric theories of the weak interactions based on the gauge group SU(2) L × SU(2) R × U(1) Y are attractive extensions of the standard model possessing manifest parity invariance [1] . These theories also have greater quark-lepton symmetry than the standard model since they require the existence of the right-handed partner of the neutrino ν R , leading naturally to non-zero neutrino masses. The observed (V-A) nature of the weak interactions is explained by the spontaneous breaking of parity along with the breaking of SU(2) R gauge symmetry at a scale v R ≫ m W . If the scale v R of SU(2) R breaking is not much above the weak scale, observable deviations from the predictions of the standard model are possible. Flavor changing neutral current processes have proven in the past to be powerful probes of physics beyond the standard model. For example, in the context of the left-right symmetric models, the mass of the charged W R gauge boson should exceed about 1.6 TeV, or else it would contribute to the K 0 − K 0 mass difference at an unacceptable level [2] .
In this paper we study the constraints on the parameters of the left-right symmetric model arising from the process b → sγ. Recently the CLEO collaboration has reported the first observation of the exclusive decay B → K * γ with a branching ratio [3] Br(B → K * γ) = (4.5 ± 1.5 ± 0.9) × 10 −5 .
Eq. (1) implies both lower and an upper limits on the inclusive decay B → X s γ [e.g. In renormalizable gauge theories, the radiative decay b → sγ proceeds through the magnetic moment operators b R σ µν s L F µν and b L σ µν s R F µν , where F µν is the electromagnetic field strength tensor. In the standard model, the b → sγ amplitude is proportional to m b or m s , the mass of the bottom quark or the strange quark, because the pure (V-A) structure of the charged currents requires the chirality-flip to proceed only through the mass of the initial or the final state quark. In contrast, in left-right symmetric models, Left-right symmetric models also predict the existence of a charged Higgs boson that couples to the quarks. Its contributions to the b → sγ amplitude are also proportional to the top quark mass, and the experimental result (1) Radiative b-decays have been studied in the context of left-right symmetric models in the past in Refs. [5, 6] . The effects of the W L − W R mixing on the b → sγ amplitude were studied in Ref. [5] , but the contributions from the charged Higgs boson were not examined there. Moreover, our result on the contributions of the W L − W R mixing disagrees with that in Ref. [5] . The charged Higgs contributions were analyzed in Ref. 
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Left-right symmetric models:
Left-right symmetric models of weak interactions are based on the gauge group SU(2) L × SU(2) R × U(1) B−L . The quarks (q) and leptons (l) transform under the gauge group as
where generation indices have been suppressed. The minimal Higgs sector compatible with the see-saw mechanism for small neutrino masses consists of the multiplets [7] ∆ L (3, 1, 2), ∆ R (1, 3, 2) and Φ(2, 2, 0) which in component form read as
The field ∆ R is needed for breaking the gauge symmetry
down to the gauge symmetry in the standard model and to give Majorana masses to the right-handed neutrinos. The field Φ is required for generating the quark and lepton masses. The field ∆ L is present in the theory to maintain the discrete parity invariance.
Under parity transformation,
Spontaneous breaking of the gauge symmetry 
Among the vacuum expectation values k, k ′ and v L,R , the hierarchy k, k ′ ≪ v R is needed to preserve the success of the standard (V-A) theory. In this case, another hierarchy v L ≪ k, k ′ follows from a detailed analysis of the Higgs potential [7] which yields the relation
where γ is some combination of the Higgs quartic coupling constants.
This is a welcome result since the analysis of the electroweak ρ-parameter leads to the constraint v L < ∼ 10 GeV [8] and a natural realization of the see-saw mechanism for small neutrino masses requires v L < ∼ a few MeV. In what follows, we shall work in the limit v L → 0, which is justified for the above reasons. The VEVs k or k ′ can in general have a phase, but we shall assume this phase to be small. This is also justified from the detailed analysis of the Higgs potential [9] . Small non-zero values of v L or the relative phase will not alter our conclusions.
The Yukawa Lagrangian involving the quark fields is given by
where Φ ≡ τ 2 Φ * τ 2 , h andh are 3 × 3 hermitian matrices in generation space. Eq. (5) leads to the following mass matrices for the up-type and down-type quarks:
In the charged gauge boson sector, the W ± L and W ± R mix with their mass-squared matrix given by
The two mass eigenstates are
where s ζ = sinζ, c ζ = cosζ, respectively, and
We have defined m W 1 ≤ m W 2 with m W 1 ≃ 80 GeV. The mass eigenvalues of W ± 1 and W ± 2 are given by
The coupling of the lighter charged W 1 -boson to the quarks is given by
where V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Note that since the up and down mass matrices are hermitian (as the VEVs k, k ′ are taken to be real), the right-handed CKM matrix and the left-handed CKM matrix are equal (
which is reflected in Eq. (11) . The interaction (5) leads to the following coupling of the corresponding (unphysical) Nambu-Goldstone boson G 1 to the quarks,
where we define the diagonal mass matrices
The couplings of the heavier W 
has the following Yukawa coupling to the quarks:
where
The mass of this charged Higgs boson is dependent on the detailed structure of the Higgs potential, and we leave it as a free parameter in our analysis.
The process b → sγ:
We now investigate the effective Hamiltonian describing b → sγ in the left-right symmetric model. Using the Lagrangians (11), (12) and (14), the effective Hamiltonian for b → sγ decay can be written as
with
Here the masses of the light quarks u, d, s and c have been neglected and the approx- 
where Q t = 2/3 is the electric charge of the top-quark.
A SM in eq. (17) is the contribution given by the standard model [10] . The righthanded coupling in eq. (11) leads to the contributions (m t /m b )ζA RH [11] in eqs. (17) and ( (17) and (18) . From the expressions (9) and (10), the mixing angle ζ can be written as
). Therefore the large contributions coming from the W L − W R mixing and the charged Higgs boson are proportional to each other and they can be sizable if k and k ′ are of the same order.
The effective Hamiltonian H ef f given in eq. (16) The leading QCD corrections to the Hamiltonian (16) during its evolution turn out to be significant [12, 13] . These QCD corrections have been computed in the standard model in Refs. [14, 15] by analyzing the operator mixing between the magnetic moment operators L σ µν b R F µν in eq. (16) The branching fraction Br(b → sγ) is computed following the procedure of Ref. [12] by normalizing the decay width Γ(b → sγ) to the semileptonic decay width Γ(b → ceν),
and using Br(b → ceν) ≃ 11% [16] . Using the Hamiltonian (16) with renormalized quantities A ef f L,R , the rate for Γ(b → sγ) normalized to the semileptonic rate is given by, (17) and (18) is the one evaluated at µ ∼ m t . We choose it to be 3 GeV corresponding to a pole mass of 4. with the region around ζ = −0.005 disfavored. This limit should be compared to the existing bounds on ζ in left-right models. A limit |ζ| ≤ 0.035 has been inferred from the measurement of the ξ-parameter in polarized µ decay [16] , but it assumes the neutrino to be a Dirac particle, which is not the case in the popular see-saw mechanism. A bound |ζ| ≤ 0.004 has been derived from non-leptonic K decays using the MIT bag model and assuming current algebra and PCAC [18] , but this bound is clouded by traditional strong interaction uncertainties. The bound derived here from the b → sγ process holds regardless of the nature of the neutrino and has considerably less strong interaction uncertainty.
In 
Conclusions:
We 
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Note added
While preparing this manuscript, we received a preprint by P. Cho and M. Misiak (CALT-68-1893, hep-ph 9310332). They examine the effect of the W L − W R mixing on the b → sγ amplitude, however, the charged Higgs contributions are not considered there.
Our result on the contributions of the W L −W R mixing are in agreement with theirs. We also found that in the calculation of the QCD corrections to the effective Hamiltonian (16) , the effects of the new operators (O 9,10 in their paper) on the analysis of the operator mixing are small due to the reasons we explained in the text. We would like to thank M. Misiak for a clarifying discussion on the QCD corrections. 
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